Structure analysis has been performed on permanently densified lithium silicate glasses by means of Raman scattering and ultraviolet (uv) reflection spectra. Higher energy shifts of Raman bands at around 450 and 580 cm-1 and lower energy shift of first uv reflection band were found after densification. It is deduced that these shifts are due to the decrease of Si-O-Si bond angle and the increase of Si-O bond length. The decrease of the magnitude in densification and these band shifts with lithium concentration might be due to obstruction of the structural change by lithium ions.
and 1100 cm-1 in all glasses. Intensity of the 950 and 1100 cm-1 bands increases with increasing lithium concentration. Peak position of the band at 800 cm-1, whose assignment is not clear yet, shows no remarkable change with the concentration. The bands at 450 and 580 cm-1 are assigned to Si-O-Si bending vibration mode of two SiO4 tetrahedra which contain no and one non-bridging oxygen, respectively [6, 7] . Since each tetrahedral unit has one non-bridging oxygen in average for the disilicate composition, the 450 cm' band almost disappears and the 580 cm-1 band increases for the glass. The 950 and 1100 cm-1 bands are attributed to symmetric stretching vibration modes of the Si-O-bond in the tetrahedron which contains two or one non-bridging oxygen, respectively [6, 7] . A weak band of the stretching in bridging Si-O bond [8] is superposed on the 1100 cm-1 band. The increase in intensities of these bands with the Li2O concentration is due to the increase of the Si-O-unit because the scattering cross-section of Si-O -R+ (R: alkali metal) vibration is strong as compared with the vibration in bridging Si-O bond.
As seen in figure 1 , the 450 and 580 cm1 bands shift toward higher energies with increasing density. In addition to the shift, the bandwidth of the 450 cm-1 band decreases with density for the tri-and tetra-silicates. The decrease of the bandwidth and the shift of 450 cm-1 band are well consistent with the case of pure silica glass [8, 9] . As an analogy of pure silica glass, the high energy shift of 450 and 580 cm-1 bands are due to decrease of the bond angle [6] and the narrowing of the 450 cm-1 band is due to decrease of distribution of the O 3Si-O-SiO3 tilt angle [8, 9] . On the other hand, the band of the stretching vibration mode at 1100 cm-1 shifts toward lower energies by a few cm' with increasing density. No remarkable shift is found in the 950 cm-1 band. The decrease of Si-O-Si bond angle leads to the elongation of Si-O bond length in the case of pure silica glass [8] . Since the elongation of the bond length will reduce the force constant between silicon and oxygen atoms, the lower energy shift of the band might be due to this elongation. It is unclear, however, why the 950 cm-1 band is more insensitive than the 1100 cm-1 band. Broadening of bandwidths at 950 and 1100 cm-1 are found with increasing density. These bandwidths should be correspond to distribution of the force constant between silicon and oxygen atoms, that is, the Si-O bond length. Therefore it is deduced that broadening of these bands is due to the distortion of SiO4 tetrahedron.
Ultraviolet reflection spectrum
Reflection spectra in the vacuum ultraviolet (uv) region are shown in figure 2 for the undensified and densified tetrasilicate glasses. Four intense reflection bands are found at around 10.1, 11.4, 13.8 and 17.2 eV. The spectra for di-/tri-/tetra-silicates resemble each other. However bandwidths for these lithium silicate glasses are broad as compared with that of pure silica glass and increase with increasing Li2O concentration. The four-intense bands relate to the interband transitions on oxygen atom as same as pure silica glass [10] [11] [12] [13] . Only the 10.1 eV band is assigned to the oxygen 2p to 3s interband transition [14, 15] . The peak position of the band shifts toward higher energies under cooling , indicating that this band has excitonic nature as same as the 10.2 eV band in pure silica glass [10] [11] [12] . This higher energy shift is consistent with a result of higher energy shift of absorption edge at around 200 nm in its transmission spectrum. The 10.1 eV band decreases in the peak energy by about 0.2 eV and increases in its bandwidth with increasing density. Kitamura et al. found lower energy shift and broadening of the 10.2 eV band in pure silica glass by densification [13] . The energy of 2p to 3s transition is well known to decrease with the increase of the Si-O bond length for pure silica polymorphous [14] . According to this band calculation and a relationship between the Si-O bond length and the band gap energy for the polymorphous, the lower energy shift of the 10.1 eV band is due to elongation of the Si-O bond length, and is well consistent with the result of the Raman spectra. Furthermore the broadening should be due to expansion of distribution of the band gap energy at each oxygen site. The expectation is good agreement with the increase in degree of disorder seen in the Raman spectra as the distortion of SiO4 tetrahedra.
Summary
The effect of network modifier (Li2O) on densification was discussed in terms of Raman scattering and vacuum ultraviolet reflectivity. By the densification, Si-O-Si bond angle decreases and Si-O bond length slightly increases. The distortion of the SiO4 structural unit is also found, resulting in the broadening of the vibration bands in the Raman spectra or reflection bands in the uv spectra. The densification ratio was suppressed with increasing Li20 network modifier in the present range owing to the obstruction of lithium ions between glass network and to increase of elastic nature by ionic bond around lithium ions.
